Synthetic solid-state nanopores are being intensively investigated as single-molecule sensors for detection and characterization of DNA, RNA and proteins. This field has been inspired by the exquisite selectivity and flux demonstrated by natural biological channels and the dream of emulating these behaviours in more robust synthetic materials that are more readily integrated into practical devices. So far, the guided etching of polymer films, focused ion-beam sculpting, and electron-beam lithography and tuning of silicon nitride membranes have emerged as three promising approaches to define synthetic solid-state pores with sub-nanometre resolution. These procedures have in common the formation of nominally cylindrical or conical pores aligned normal to the membrane surface. Here we report the formation of 'kinked' silica nanopores, using evaporation-induced self-assembly, and their further tuning and chemical derivatization using atomic-layer deposition. Compared with 'straight through' proteinaceous nanopores of comparable dimensions, kinked nanopores exhibit up to fivefold reduction in translocation velocity, which has been identified as one of the critical issues in DNA sequencing. Additionally, we demonstrate an efficient two-step approach to create a nanopore array exhibiting nearly perfect selectivity for ssDNA over dsDNA. We show that a coarse-grained drift-diffusion theory with a sawtooth-like potential can reasonably describe the velocity and translocation time of DNA through the pore. By control of pore size, length and shape, we capture the main functional behaviours of protein pores in our solid-state nanopore system. P ioneering work demonstrating single-channel recordings of ionic transport through biological ion channels reconstituted in synthetic 'black lipid membranes' has provoked considerable recent interest in the fabrication of synthetic pore-channel systems intended to mimic their biological counterparts. In nature, integral membrane protein channels formed by self-assembly control the trafficking of ions and molecules into and out of the cell and between the cytosol and subcellular organelles. More than a decade ago, it was demonstrated that the biological pore-forming protein alpha-haemolysin, with pore-aperture diameter of 1.4 nm, exhibits selective voltage-driven transport of ssDNA, while preventing transport of the larger (∼2-nm-diameter) dsDNA. Because voltage-driven DNA translocation partially occludes the pore, it reduces by an order of magnitude the accompanying ion current, allowing detection of single-molecule translocation events in a manner similar to Coulter counting 1 . Furthermore, because each base pair is expected to have different pore-blocking characteristics, it has been proposed that the modulation of the ion current during translocation could be used to directly sequence DNA.
P
ioneering work demonstrating single-channel recordings of ionic transport through biological ion channels reconstituted in synthetic 'black lipid membranes' has provoked considerable recent interest in the fabrication of synthetic pore-channel systems intended to mimic their biological counterparts. In nature, integral membrane protein channels formed by self-assembly control the trafficking of ions and molecules into and out of the cell and between the cytosol and subcellular organelles. More than a decade ago, it was demonstrated that the biological pore-forming protein alpha-haemolysin, with pore-aperture diameter of 1.4 nm, exhibits selective voltage-driven transport of ssDNA, while preventing transport of the larger (∼2-nm-diameter) dsDNA. Because voltage-driven DNA translocation partially occludes the pore, it reduces by an order of magnitude the accompanying ion current, allowing detection of single-molecule translocation events in a manner similar to Coulter counting 1 . Furthermore, because each base pair is expected to have different pore-blocking characteristics, it has been proposed that the modulation of the ion current during translocation could be used to directly sequence DNA.
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into practical analytical devices or platforms. So far, solid-state nanofabrication approaches have demonstrated precise tuning of pore size over the range from 1 to over 10 nm (refs 2-5) . However, fabrication of these channels generally requires the resizing of pores with ion/electron beams, especially as the pore size approaches the nanometre level. Therefore, an array of nanopores is typically fabricated 'one at a time' with smooth, nominally cylindrical or conical side walls oriented normal to the membrane surface. As an alternative approach to solid-state nanopore fabrication, we report here a silica-surfactant self-assembly approach to create an array of nanopores suspended over a silicon nitride aperture. Using a non-ionic surfactant to direct the formation of a porous silica mesophase, we form a periodic pore-network array with pore orientations that deviate periodically from the surface normal. Atomic-layer deposition is used subsequently to adjust the pore diameter from 2.6 to 1.4 nm as well as altering the surface chemistry. We find that these kinked nanopores reduce the translocation velocity up to fivefold compared with comparably sized straight-through pores. Reducing DNA translocation speed during detection is important for polymer identification and sequencing in nanopores [6] [7] [8] and has been demonstrated by control of external factors such as solution composition and operation conditions in both biological and solid-state straight-through nanopore systems 9, 10 as well as by use of optical tweezers 11 . In contrast, here we show that a kinked nanopore array system fabricated by self-assembly can slow down DNA translocation speed through its unique pore morphology alone. 
Nanopore-array fabrication
Free-standing arrays of silica nanopores spanning circular ∼50-100-nm-diameter apertures, defined in silicon nitride by focused ion-beam (FIB) lithography, were fabricated by evaporationinduced self-assembly (EISA; refs [12] [13] [14] , employing the non-ionic surfactant Brij 56 as a structure-directing agent. EISA starts with a homogenous alcohol-water solution of hydrophilic silicic acid precursors plus surfactant. Evaporation accompanying dip-, spin-or aerosol coating progressively concentrates the depositing film in non-volatile silica and surfactant components, resulting in self-assembly of micelles and further self-organization into periodic three-dimensional, silica-surfactant mesophases oriented with respect to the substrate and vapour interfaces. Originally developed to coat solid substrates, we have extended EISA to the formation of free-standing films spanning ∼50-100-nm-diameter pores through spin-coating or aerosol deposition 15 . Using cationic and non-ionic surfactants and block copolymers, a variety of cubic and bicontinuous thin-film mesophases have been developed (for example, three-dimensional hexagonal P6 3 /mmc (ref. 16) , micellar cubic (face-centred cubic and body-centred cubic, bcc) 17, 18 and bicontinuous cubic (double gyroid and so on) 19 ). These structures are of interest for membranes because they have the potential to create the three-dimensional pore connectivity needed for transmembrane permeation. Previous work in our group used Brij 56 under acidic conditions to direct the formation of supported cubic nanoporous silica membranes characterized by an Im3m body-centred symmetry and a Barrett-Joyner-Halenda (BJH) pore diameter of approximately 2.6 nm (ref. 18) . Here, to achieve thinner films more commensurate with the dimensions of natural membrane systems, we adopted the same recipe but diluted eightfold in ethanol, yielding the final Si : Brij 56 : EtOH : HCl : H 2 O molar ratio 1.28 : 0.076 : 248 : 0.09 : 71. As shown by the transmission electron microscopy (TEM) cross-sectional image (Fig. 1a) , spin-coating this composition at 1,000 r.p.m. followed by calcination at 400
• C results in highly ordered films only ∼30 nm thick. With regard to DNA translocation, thin films are important because: (1) a shorter contour length increases the likelihood that the channel is continuous and spans the membrane; (2) decreased thickness provides a greater field strength within the membrane, thereby imparting greater momentum to the DNA in overcoming the potential of mean force needed to translocate the pore; (3) modification of the pore surface by post-grafting or atomic-layer deposition (ALD) becomes more efficient when the contour length of the channel is shorter.
Grazing-incidence small-angle X-ray scattering (GISAXS) was used to characterize the structure of the periodic thin-film mesophase. In GISAXS, an X-ray beam is incident on a sample at an angle greater than the critical angle of the film but less than that of the substrate (typically about 0.2
• ), maximizing the scattering volume of the beam within the film. Use of a two-dimensional detector enables collection of both in-and out-of-plane scattering data for comparison of the pattern to a hypothesized nanostructure 20 . Figure 2a contains typical GISAXS data for an about 30 nm film synthesized in an identical manner to the films used for DNA-translocation experiments. We find data consistent with the presence of two separate but related mesophases: a [001]-oriented face-centred orthorhombic phase with unit-cell parameters a = 82 Å, b = 122 Å and c = 73 Å; this unit cell is an equivalent description of a [110]-oriented Im3m (bcc) phase with a = 82 Å, contracted by about 37% in the direction perpendicular to the substrate from uniaxial film shrinkage 21, 22 , and a [001]-oriented three-dimensional hexagonal P6 3 /mmc with unitcell parameters a = b = 67 Å and c = 73 Å. The in-plane domain size was estimated through line-width analysis to be 200 nm and 125 nm for the Fmmm and P6 3 /mmc phases, respectively. These unit-cell parameters, along with typical Brij 56 micelle dimensions (about 4-5 nm), conform to the existence of micellar-type (as opposed to minimal-surface) bcc and hexagonally close-packed mesophases; we note that these two phases are closely related through a simple diffusionless transformation (see Supplementary Information for more details, along with GISAXS analysis of a thicker Brij 56 templated film). XRD data (Fig. 2b) shows only one set of Bragg peaks (with interplanar spacing d = 36 Å), reinforcing the presence of identical interplanar spacing for both structures found inside this film. Also present in the XRD data are Kiessig fringes, from which a film thickness of 28 nm can be calculated (Fig. 2b, inset ) for the film after template removal, consistent with TEM and ellipsometric measurements. . Although the precise shape and connectivity of pores within the film is not known, we place a sphere at each lattice point of the Fmmm structure that corresponds to bcc packing to represent the likely positions of pores, and connect these pores in d using the standard eightfold bcc coordination of each lattice point. The shortest pathway through the film, highlighted in red, presents a tortuosity of about 1.5 (the whole pore length divided by film thickness). DNA translocation through other pathways is unlikely, as the electric field is strongest in this direction. Also, pore connectivity of pathways parallel to the plane of the film may be limited owing to larger pore-to-pore spacing. The related hexagonally close-packed structure (Supplementary Information) has the same tortuosity of about 1.5, indicating that DNA passes through an identical pore length through the film thickness in both Fmmm and P6 3 /mmc mesophases. Figure 1a ,b contains the TEM cross-sectional and plan-view images of a film prepared in an identical manner to the film analysed in Fig. 2 . The plan view in Fig. 1b shows the (001) plane of the Fmmm structure; the unit-cell parameters a and b calculated from the fast Fourier transform (see the inset) are 8.4 nm and 12.1 nm respectively, consistent with results simulated from GISAXS data. Moreover, the a/b ratio is close to the 1 : √ 2 in-plane ratio that is described by the (001) plane of our Fmmm thin-film structure 21, 22 . Consistent with GISAXS analysis, plan-view TEM images of hexagonal (the (001) plane of P6 3 /mmc) or mixed packing were also observed (see Supplementary Fig. S2 ). The cross-section in Fig. 1a shows the (110) plane of the Fmmm structure, with an overall film thickness of about 30 nm (the most likely tortuous pore pathway through the film is highlighted in black). N 2 adsorption, acquired directly on a thin film using a surface acoustic wave technique 23 (see Supplementary Fig. S1 ), shows a typical type IV isotherm; the average BJH pore diameter calculated from these data is 2.6 nm.
Considering the inaccuracy of BJH methods in estimating pore dimensions in such a small pore-size range and the fact that cubic or three-dimensional hexagonal networks derived from micellar mesophases such as those in our ultrathin films are expected to have undulating pore diameters along the pore pathway, we applied an electrochemical approach to create a Pt replica of the nanopore network as a means to better estimate pore size and to examine the pore connectivity across the film. Figure 1c shows a TEM cross-sectional image of the resulting Pt replica formed within the original Fmmm silica framework structure along [110] . The presence of a well-defined Pt network indicates pore connectivity with a tortuous shape for the pore pathway that transverses the film. High-resolution TEM of the Pt replica ( Fig. 1d) shows crystalline lattice fringes of Pt with alternating wide and narrow regions corresponding to templated pores and the necking between them, respectively, giving estimated dimensions of about 4 nm for the pore diameter and about 2.6 nm for interpore necks. This suggests that pore-to-pore connectivity provides the transport-limiting barrier to DNA translocation. Therefore, we assign 2.6 nm as the 'effective pore diameter' to refer to the transport-limiting pore dimension. Additionally, the cross-sectional TEM image of the Pt replica in Fig. 1d suggests preferential pore-to-pore connectivity in the through-thickness direction, whereas pore connectivity within the plane is limited. As shown in Fig. 3a , spin-coating exactly the same composition as in Figs 1 and 2 over a ∼80-nm-diameter aperture (formed in silicon nitride by FIB as shown schematically in Fig. 3b ; ref. 24) results in an array of ordered nanopores freely suspended over the aperture. Figure 3c shows integration of the free-standing nanopore array in a home-built electrochemical cell for carrying out DNA-translocation experiments. As discussed above, our selfassembled nanopores are in a similar size range as those reported in previous studies of DNA translocation. However, the mesophase symmetry of our ultrathin film structure requires that there are no straight-through pores spanning the membrane, allowing us to isolate and understand the influence of nanopore tortuosity on DNA translocation.
Atomic-layer deposition (ALD)
To reduce the effective nanopore dimension below 2.6 nm and to modify the pore surface chemistry, we carried out thermal ALD of titania or an aminosilane (operational procedures and set-up reported elsewhere 25 ) . ALD is a self-limiting, highly conformal, layer-by-layer deposition process composed of two half-cycles, hydrolysis and condensation. For a hydroxylated surface like that of a silica nanopore, condensation is achieved by exposure to a halide or alkoxide precursor, resulting in Si-O-M bond formation and concomitant reduction in the pore diameter. To trigger another layer of deposition, water is introduced to the system, resulting in hydrolysis of surface bonds. Table 1 lists refractive-index data measured by spectroscopic ellipsometry for thin nanoporous silica films before and after one and two layers of thermal TiO 2 ALD, and the corresponding volume percentage and thickness of TiO 2 calculated from this data using a Bruggeman effective-medium approximation 26 (calculated using n SiO2 = 1.46 and n TiO2 = 2.00), in combination with BrunauerEmmett-Teller film surface areas obtained from N 2 adsorption data (290 m 2 g −1 for the film before ALD, and 286 m 2 g −1 after one layer of ALD). Although the estimated volume fraction of TiO 2 is dependent on the value of the refractive index for TiO 2 used in the effective-medium approximation calculations, variation of n TiO2 over the range of 1.90-2.10 (typical for non-crystalline titania) modifies the volume fraction by only about 10%. The calculated thicknesses of 1.7 Å for the first ALD layer and 1.5 Å for the second layer are consistent with the expected thickness per deposition step of about 1.6 Å (ref. 27 ), indicating that one and two layers of TiO 2 ALD deposition inside the silica nanoporous film result in pore-diameter reductions of approximately 3.4 and 6.4 Å respectively. Therefore, for our original thin film with a 2.6 nm 'effective pore diameter' determined by the BJH calculation in combination with high-resolution TEM of the Pt replica, the approximate pore diameters after one and two layers of TiO 2 ALD are 2.3 nm and 2.0 nm respectively. Also, the BJH pore diameters calculated from the N 2 adsorption isotherm before and after one layer of ALD show about 3 Å decrease of pore diameter (see Supplementary Fig. S5 ), which is close to that calculated from the refractive-index data (Table 1) ; although the BJH method can be subject to large errors in the determination of absolute pore size, errors in relative measurements are expected to be significantly lower.
We also used ALD to form a coherent aminopropyl silane monolayer using the molecular precursor aminopropyl trimethoxysilane (APTMS). Successive cycles of APTMS and H 2 O favour condensation reactions between alkoxysilane groups on APTMS and silanol groups on the pore surface or between alkoxysilane groups of nearby APTMS, resulting in an aminopropyl silane monolayer as opposed to a multilayer 28 . The Fouriertransform infrared spectrum ( Supplementary Fig. S6 ) after one cycle of APTMS/H 2 O shows that two new vibrational bands appear, attributable to N-H bending (scissoring) of primary amines (around 1,650 cm −1 ) and C-H stretching of alkyl chains (around 2,900 cm −1 ) respectively, consistent with the formation of an APTMS monolayer.
DNA translocation
A representative ionic-current-versus-time trace for voltage-driven dsDNA translocation through a 2.6-nm-diameter silica nanopore array is shown in Fig. 4a (see Methods for a detailed description of the set-up and experimental procedure). In this experiment, 2,700-base-pair (2.7-kbp) dsDNA was introduced to the cis side of the cell and a potential of +200 mV was applied to the trans side. A series of current-blockage events is observed. Reversing the voltage bias or replacing dsDNA with blank buffer solution suppressed all current-blockage events, implying that the observed blockages are caused by dsDNA translocation. The background current (∼23,000 pA) represents the collective ion current through all the nanopores on the aperture (estimated to be ∼80 pores in this case). Correspondingly, it is greater than that of a singlenanopore system [29] [30] [31] and scales with the size of the aperture and number of pores in the array. However, the current-blockage amplitude (∼200 pA @200 mV) per event is comparable to that reported previously for single nanopores 32 . We claim that each current blockage represents a single event of one dsDNA molecule passing through an individual pore, and the overall currentblockage frequency is the sum of the dsDNA translocation events on all nanopores supported over the FIBed aperture. Because the translocation time τ (<1 ms) is short compared with the event frequency (0.5-1 s/event), the probability of two events coinciding is very rare, implying that in our array dsDNA translocation characteristics of individual pores can still be detected and interpreted as for single-nanopore systems. Figure 4c shows that the most probable dsDNA translocation time τ in 2.6 nm pores is 0.7 ms, corresponding to a velocity of 1.3 mm s −1 , calculated from v = L DNA /τ (refs 32,33), in which L DNA is the polymer length, almost an order of magnitude less than that reported elsewhere using larger solid-state nanopores 9, 30, 32, 33 . One cycle of TiO 2 ALD reduces the pore diameter by ∼0.3-nm (to ∼2.3-nm) and further reduces the velocity by about a factor of three (∼0.45 mm s −1 ) (Fig. 4d) . This large dependence of velocity on pore size is consistent with a strong polymer-pore interaction [34] [35] [36] (see further discussion below). Figure 5a shows that the translocation time τ scales linearly with polymer length l. According to the analysis in ref. 37 , if hydrodynamic friction within the pore dominates the transport dynamics, the constant driving force F experienced by the polymer within the pore (F = 2 eV/a 0 , where e is the elementary charge, V is the potential difference and a 0 (= 0.4 nm) is the spacing between nucleotides) is balanced by the hydrodynamic friction within the pore = ξ eff v, where, ignoring any specific DNA-pore interactions, ξ eff v = 2πηL pore rv/(R − r) (where R is the pore radius, r is the dsDNA cross-sectional radius, η is the solvent viscosity, L pore is the pore length and v is the linear velocity of the polymer inside the pore). This implies the translocation velocity v to be constant with polymer length, as we observe. Additionally, because ALD deposition is conformal and changes the pore size but not its shape, we can use the force balance to estimate the velocity ratio v 1 /v 2 in reducing the pore radius from R 1 to R 2 at a constant driving potential. Reducing 2R from 2.6 to ∼2.3 nm (Table 1) should reduce v by a factor of about two. Experimentally, we observe a factor of three, suggesting additional frictional forces arising from specific polymer-pore interactions or, more likely, the tortuous pore shape defined by the micellar mesophase 37 . A second cycle of TiO 2 ALD reduces the pore diameter to 1.9-2.0 nm, below that of dsDNA, and, as expected, we observe no measurable dsDNA translocation (for driving potentials less than 500 mV where we expect there to be no denaturization). A final dynamical feature of our nanopore system is the approximate quadratic relationship between velocity and voltage (Fig. 5b) . The transport characteristics of the kinked-nanopore arrays we describe above are distinct from those of other solid-state nanopores 36, 37 and more similar to protein nanopores. For example, the authors of ref. 37 observe the translocation time in 10-nmdiameter solid-state nanopores to vary with dsDNA length as a power law, τ ∼ l 1.27 , which they attribute to the condition where hydrodynamic drag imposed by the untranslocated polymer on the cis side dominates the friction within the pore. In fact, they conclude that the essential difference between solid-state and protein pores is that, for sufficiently shallow solid-state pores, the effect of friction within the pore is negligible. In comparison, for ssDNA translocation through α-haemolysin 34,38,39 the translocation time was found to vary linearly with polymer length, consistent with pore-friction-dominated translocation owing to the small 1.4-nmdiameter pores plus possible specific DNA-pore interactions.
To more closely emulate the behaviour of protein pores in our solid-state system, we modified the 2.6 nm silica nanopores with APTMS (see the schematic in the inset of Fig. 6a ). On the basis of ellipsometric measurements of the thickness of the corresponding film deposited by ALD on a solid silica support, we estimate that one layer of APTMS reduces the pore diameter to about 1.4 nm, comparable to that of α-haemolysin. Additionally, the partial positive surface charge of the aminopropyl groups (NH + 3 ) introduces an attractive electrostatic DNA-pore interaction, a factor that has been reported to enhance DNA translocation 40 . For the APTMS-modified nanopore array, no current blockages were observed for 2.7-kbp dsDNA. For pure poly(dA) 100 current-blockage events were observed, and the corresponding translocation times and current blockages are shown in the histograms in Fig. 6b ,c. When poly(dA) 100 was added to 2.7-kbp dsDNA, current blockages were again observed and the duration and current-blockage histograms were similar to those of pure poly(dA) 100 . Polymerase chain reaction (PCR) analysis verified dsDNA translocation in the original nanopore array with about 2.6 nm pore diameter, but rejection in the APTMS-modified nanopore array with about 1.4 nm pore diameter; ssDNA translocation was verified in both cases, consistent with the observation of translocation events from current blockage (see Supplementary  Fig. S8 ). These results strongly suggest: (1) with APTMS-modified nanopores, separation of ssDNA from dsDNA is achieved and can be sensed electronically; (2) pore-size reduction by ALD occurs uniformly for all pores, allowing selectivity to be developed in an array format. Recently, great effort has been made to distinguish single-and double-stranded nucleic acid molecules using solid-state nanopores 41, 42 . Our results, showing nearly perfect selectivity for ssDNA over dsDNA in ALD-modified nanopores, could expand the range of potential applications of synthetic solid-state nanopores in biotechnology by tuning the pore size to be between the diameters of dsDNA and ssDNA. Figure 6d shows the velocity of poly(dA) 100 as a function of applied voltage in the APTMS-modified nanopore array. The velocity was calculated from the blockade-duration half-life τ (the time over which the current blockage increases and decreases by 50% of its maximum value) according to L DNA /τ , which is the appropriate relation for the condition where the polymer length L DNA ∼ = the pore length L pore (film thickness (30 nm) × tortuosity (1.5); ref. 34). We observe an approximate quadratic relationship between velocity and applied voltage similar to that reported for poly(dA) translocation through α-haemolysin 34, 43 . However, direct comparison of the translocation time of poly(dA) 100 through the APTMS-modified nanopore and α-haemolysin under identical conditions (22 • C, 120 mV; ref. 44) shows ∼5 times longer translocation times (1.6 ms compared with 0.3 ms) and, correspondingly, ∼5 times lower velocity for the APTMS-modified nanopore. As the pores are of comparable diameters, we attribute this difference to the more tortuous shape of our solid-state nanopore, most likely owing to a higher energy barrier derived from the pore kinkedness. Our transport model further verifies the higher energy barrier in our tortuous nanopores compared with that in straight-through pores and clearly explains the physical characteristics of the parameters used in the simulation, with values that can all be well explained by strong interaction between the polymer and the kinked pores.
Transport model
The distinguishing transport characteristics of our kinked nanopore array, namely, linear dependence of translocation time on polymer molecular weight and quadratic dependence of translocation velocity on voltage, shared additionally by protein pores, are captured by a one-dimensional drift-diffusion model 35 :
where P(x,t ) is the probability that a length x of the polymer's backbone has passed through the pore at time t , D 0 is the diffusion coefficient, assumed to be 10 −8 cm 2 s −1 owing to the confined environment 45 , and T is the temperature. Φ is the potential owing to the various interactions of the polymer with the pore and the applied voltage drop. The potential Φ is approximated by the expression
where F is determined by the applied voltage drop, and U (x) represents the polymer's interactions with the pore. U (x) is assumed to be a sawtooth-like potential, which is described by two dimensionless parameters, the peak height, U 0 /k B T , and the asymmetry parameter, α. The value of α depends on several factors including the pore geometry and U 0 is the energy barrier DNA must overcome for translocation, represented by the height of the sawtooth-like potential, which also depends on several factors including the pore geometry and is typically of the order of several k B T .
In the case of a strong polymer-pore interaction (characterized by a large U 0 ), where diffusion can be described as hopping from one potential minimum to the next potential minimum, an approximate expression for the polymer velocity, v, can be obtained from equations (1) and (2) as
where
In our calculations for dsDNA, we assume a 0 = 4 Å, D 0 = 10 −12 m 2 s −1 , U 0 = 5.7k B T and α = 0.04. Using these parameters, we compute the average velocity using equations (3) and (4). The translocation time is then computed using the expression τ = L DNA /v, where L DNA is the length of the DNA chain. In Fig. 5 we compare our experimental results with predictions made by the one-dimensional drift-diffusion model for dsDNA. We repeated the calculations for the poly(dA) 100 case using a 0 = 4 Å, U 0 = 9.7k B T and α = 0.11. The calculations are compared with the experimental data in Fig. 6d . In the literature, U 0 has been assumed to vary from 0 to 10k B T and α is assumed to vary from 0 to 1, where α = 0 when DNA is interacting with a reflecting boundary, and α = 1 when the DNA is interacting with an absorbing boundary 46, 47 . Our simulation results show that both U 0 and α values vary as a function of the kinkedness of the pore. For example, when U 0 was taken to be 4.5k B T in a straight nanopore system results were obtained that reasonably explained the experimental observations 46 . In our simulation, the U 0 value is higher for both dsDNA and ssDNA cases compared with the straight nanopore system. As the DNA-pore interaction is the dominant factor in determining DNA translocation in a small pore 36, 48 , the higher energy barrier can be well explained from the stronger interaction between DNA and the kinked pore. Also, our simulation results show a comparatively low α value. As the reflecting boundary case signifies the inability of the DNA to pass through the pore 47 , our result is consistent with the fact that, as the kinkedness increases, the energy barrier increases, and the surface acts more like a reflecting boundary as the DNA has to adjust its orientation to climb over the wall (the tortuosity of the pore network). It is important to note that, although these parameters are determined from the data of one single experiment, the same values are able to match data from a number of other experiments, suggesting the generality of these parameters for the DNA-nanopore interaction considered in our paper. The close correspondence of the experimental and predicted values emphasizes that nanopore translocation can be adequately (although not explicitly) approximated through assignment of a potential that lumps together the physical and chemical features, pore size, shape, length and interactions, that contribute to pore-friction-dominated transport. It is reasonable to treat the interaction energy between DNA and the nanopore as a sawtooth-like potential. The potential we assumed is physically realistic, being within the range of U 0 values determined by other authors to describe the barrier to permeation of ssDNA through α-haemolysin.
Conclusions
We have demonstrated a simple self-assembly procedure to create a free-standing nanopore array and its further physical and chemical modification by ALD. Compared with lithography or etching, which yield individual, shallow, straight-through nanopores, selfassembly provides a new means to direct the size, shape and tortuosity of an array of solid-state nanopores. Subsequent conformal ALD of an oxide or silane reduces uniformly the diameters of all pores, enabling, for example, the array to be tuned to transport ssDNA efficiently and reject dsDNA. Compared with protein pores of comparable pore diameters, the greater pore length combined with the kinked pore shape, derived from mixed distorted bcc (with Fmmm symmetry) and hexagonally close-packed mesophases, increases the frictional force and reduces the translocation velocity by a factor of up to five. Our approach demonstrates how pore size and shape combine to influence translocation and to address the important issue of reducing translocation speed 9, 11, 49 . The qualitative DNA translocation characteristics developed in our nanopore array, for example the linear dependence of translocation time on polymer molecular weight and quadratic dependence of translocation velocity on voltage, can be understood on the basis of a one-dimensional diffusion model, where factors contributing to the frictional force, namely, pore diameter, length, shape and specific interactions, are coalesced into a single barrier potential. We anticipate that future improvements such as integration of our kinked-nanopore array into a three-electrode 'chem-FET' architecture, could combine reduced translocation velocities with increased signal-to-noise ratio, helping the field to realize the goal of direct DNA sequencing.
Methods
GISAXS and electrochemical deposition. GISAXS measurements were made on beamline 8-ID at the Advanced Photon Source at Argonne National Laboratory using a wavelength of 1.6868 Å, a sample-to-detector distance of 1,300 mm and a 2048 × 2048 Marr CCD (charge-coupled device) detector. The angle of incidence was set above the critical angle of the film, but below the critical angle of the substrate; critical angles were measured using X-ray reflectivity on each film sample.
Electrochemical deposition of Pt was carried out by pulsed potentiostatic deposition of a 0.1 M solution of H 2 PtCl 6 (duty cycle of 0.000 V versus Ag/AgCl for 5 s followed by −0.300 V versus Ag/AgCl for 10 s) within nanoporous films deposited on a Pt or fluorine-doped tin oxide electrode using the same synthesis procedure as used for producing films for DNA translocation experiments.
DNA translocation set-up. 200-nm-thick Si 3 N 4 membranes supported on Si wafers (1 cm × 1 cm × 200 µm thick) with a back-etched 'window' (0.25 mm × 0.25 mm size) were purchased from Structure Probe (SPI) and further drilled with FIB, forming single ∼50-100-nm-diameter apertures per window. Nanopore arrays were then deposited by spin-coating, calcination and optionally ALD as described above. Membranes were mounted in an electrochemical cell constructed of Teflon and composed of two separate chambers with capacities up to 1 ml (see Fig. 3c ). The Si 3 N 4 membrane with the nanoporous array is mounted between the two chambers and sealed with O-rings. Because in the very small-pore system wetting is a critical issue 5 , the film is treated with an oxygen plasma for a short time to fully hydroxylate its surface, and then rinsed in isopropanol for 20 min before mounting the sample in the cell. Ag/AgCl electrodes connected to an amplifier (Axopatch 200B, Axon Instruments, USA) are placed in both chambers to measure the ion current at applied voltages ranging from 120 to 500 mV. Current signal is digitized at 200 kHz (1322A digitizer) and low-pass filtered with a cutoff frequency of 10 kHz. Before making translocation measurements, we wait for the current to become stable.
Size-purified ssDNA was purchased from Midland Certified Reagent and diluted in buffer (10 mM Tris-HCl, 1 mM EDTA, 1 M KCl, pH 8.0) to a concentration of 2 µg ml −1 before loading into the cis chamber for DNA translocation experiments. pUC19 plasmid purchased from Biolab was used as template DNA. By digesting the pUC19 plasmid with a specific restriction enzyme at 37 • C for 2 h, we obtained 2.7-kbp linear dsDNA. Additionally, forward and reverse primers were carefully designed to make shorter dsDNA from pUC19, according to the polymerase chain reaction technique. During polymerase chain reaction, a Peltier Thermal Cycler (PTC-200, MJ Research) was used to amplify dsDNA of specific lengths (270 bp and 950 bp); gel electrophoresis was then applied to verify the pure band of DNA with specific length by comparing with the standard bands of a DNA ladder. dsDNA after amplification and digestion are purified (Qiagen purification kits) before use in the experiments. The final dsDNA concentration added to the cis side was 2 nM. DNA was stored below −20 • C when not in use. Applied voltages were varied from 120 to 500 mV depending on the experiment.
